Acetate kinase catalyzes the magnesium-dependent transfer of the γ-phosphate of ATP to acetate. The recently determined crystal structure of the M. thermophila enzyme identifies it as a member of the sugar kinase/Hsc70/actin superfamily based on the fold and the presence of five putative nucleotide and metal binding motifs that characterize the superfamily. Residues from four of these motifs in M. thermophila acetate kinase were selected for site-directed replacement and analysis of the variants. Replacement of Asp 148 and Asn 7 resulted in variants with catalytic efficiencies less than 1 % that of the wild-type enzyme indicating that these residues are essent ial for activity. Glu 384 was also found to be essential for catalysis. A 30-fold increase in the magnesium concentration required for half-maximal activity of the E384A variant relative to that of wild-type implicated Glu 384 in magnesium binding. The kinetic analysis of variants and structural data are consistent with nonessential roles for active site residues Ser 10, Ser 12, and Lys 14 in catalysis. The results are discussed with respect to the acetate kinase catalytic mechanism and the relationship to other sugar kinase/Hsc70/actin superfamily members.
INTRODUCTION
Acetate kinase, which catalyzes the magnesium-dependent transfer of the ATP γ-phosphate to acetate (eq. 2), is a central enzyme in the energy-yielding metabolism of anaerobes.
CH 3 COCoA + P i CH 3 COPO 4 2-+ CoA [1] CH 3 COPO 4 2-+ ADP CH 3 COO -+ ATP [2] In most fermentative procaryotes, the catabolic intermediate acetyl-CoA is converted to acetate by phosphotransacetylase (eq. 1) and acetate kinase (eq. 2) yielding ATP. In
Archaea of the genus Methanosarcina, acetate kinase and phosphotransacetylase catalyze the ATP-dependent activation of acetate to acetyl-CoA in the first step of the conversion of acetate to methane and CO 2 .
The discovery of acetate kinase in 1944 by Lipmann (1) and the subsequent isolation in 1954 by Ochoa (2) initiated investigations of the Escherichia coli enzyme.
Kinetic and biochemical studies between 1954 and 1980 have led to two distinct proposals for the catalytic mechanism, one of which involves direct in-line transfer of the ATP γ-phosphate to acetate. This mechanism is consistent with the finding that the acetate kinase reaction proceeds with net inversion of configuration indicating an odd number of phosphoryl transfers (3) . The second proposal is a covalent triple displacement mechanism (4) which reconciles the stereochemical evidence with the isolation of an unspecified phosphorylated glutamate residue that forms upon incubation of acetate kinase with acetylphosphate (5) . In the triple displacement mechanism, the ATP γ-phosphate is transferred to two consecutive enzyme sites before transfer to acetate.
The triple displacement mechanism was challenged when it was shown that by on February 6, 2008 www.jbc.org Downloaded from 4 phosphorylated acetate kinase from E. coli is a phosphoryl donor to enzyme I of the bacterial phosphotransferase system (6) , which suggested an alternate function for phosphorylated acetate kinase in the transport of sugars.
The acetate kinase from Methanosarcina thermophila has been cloned and hyperexpressed in E. coli enabling, for the first time, site-directed mutagenesis and structural analysis (7) (8) (9) (10) to probe the catalytic mechanism. Although the acetate kinase was crystallized in the presence of ATP, only the α and β phosphates, in addition to the adenosine moiety, could be resolved in the proposed active site cleft between the two domains of the monomer (10) . The β-phosphate of ADP appears to be displaced, possibly as a result of charge repulsion from the sulfate molecule that is present in the active site (10) . The sulfate lies in the proposed location of the ATP γ-phosphate (10).
The structure identifies M. thermophila acetate kinase as a member of the sugar kinase/Hsc70/actin structural superfamily (10, 11) . Acetate kinase shares no significant overall sequence similarity with sugar kinase/Hsc70/actin superfamily members;
however, structural properties indicate that acetate kinase and other superfamily members share a core fold as well as five motifs (termed phosphate-1, phosphate-2, connect-1, connect-2, and adenosine) composed of both secondary structural elements and conserved amino acid residues (10, (12) (13) (14) . In several superfamily members, site-directed mutagenesis has been used to implicate these motifs either in nucleotide binding, metal binding, or catalysis (15) (16) (17) (18) . In acetate kinase, the roles of residues in these analogous
motifs have yet to be investigated. The adenosine moiety of ADP in the crystal structure of the M. thermophila enzyme is bound in part to the conserved adenosine motif of the sugar kinase/Hsc70/actin superfamily; thus the structural data are consistent with data by on February 6, 2008 www.jbc.org
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5 from other superfamily members in supporting a role for this motif in adenosine binding (10) . Identifying residues involved in binding the polyphosphate, the metal ion and facilitating phosphoryl transfer is less straightforward owing to the apparent displacement of the ADP β-phosphate and the lack of electron density that can be attributed to the ATP γ-phosphate or metal ions in the crystal structure (10).
Here, we report a site-directed mutational analysis of the M. thermophila acetate kinase to address the roles of active site residues in the phosphate-1, phosphate-2, connect-1, and connect-2 motifs that are highly conserved among acetate kinases. Our data have led us to hypothesize an alternate role for Glu 384, previously postulated to be a phosphoryla tion site during catalysis (8 Likewise, when determining the K m for ATP, the acetate concentration was 500 mM unless the K m for acetate was determined to be higher than for the wild-type enzyme in which case the concentration of acetate was increased to 1.5 M or 2 M. In the determination of the magnesium concentration required for half-maximal activity, the potassium acetate concentration was 1 M.
Activity in the direction of ATP formation was assayed by the previously described enzyme-linked assay (25) . The standard reaction mixture (500 µl) contained 100 mM Tris pH 7.5, 0.2 mM dithiothreitol, 10 mM MgCl 2 , 5.5 mM glucose, 1 mM NADP, 20 mM acetyl phosphate, 5 mM ADP, 10 U of hexokinase (yeast) and 10 U of glucose-6-phosphate dehydrogenase (yeast). In the determination of the K m for acetyl phosphate, the ADP concentration used was 5 mM whereas in the determination of the K m for ADP, the acetyl phosphate concentration used was 20 mM. Kinetic constants were determined using non-linear regression to fit the data to the Michaelis Menten equation using the program Kaleidagraph (Synergy Software, Reading, PA). Figure 1 . These four motifs contain eleven residues that are both highly conserved among acetate kinases from phylogenetically diverse species ( Fig. 2 ) and present in the active site. Three of these residues (His 208, Glu 384, and Glu 385) were previously investigated by site-directed mutagenesis and analyses of variants (7, 8) . The active site locations of the remaining eight residues (in addition to Glu 384) are shown in Figure 3 . These eight residues were individually replaced by site-directed mutagenesis. After a single step Ni -affinity purification, all of the variants were found to be homogeneous and have the same monomeric molecular mass as wild-type as determined by SDS-PAGE (data not shown).
In addition, gel filtration chromatography indicated that all of the variants were homodimers under native conditions (data not shown) as is the case with the wild-type enzyme (25) . These results indicate no gross structural differences between the wild-type and variant acetate kinases.
Kinetic analyses of variants in the connect-1 and connect-2 motifs.
The catalytic efficiencies of variants D148A, D148N, and D148E were less than 0.1 % of that for the wild-type enzyme, which indicated that Asp 148 is essential for catalysis ( higher than that of wild-type (Table 1) .
A preliminary report on Glu 384 from the M. thermophila acetate kinase had indicated that this residue was essential for catalysis (8) . The authors concluded that the extremely low activities of the Glu 384 variants precluded determination of kinetic constants (8) . We were able to purify E384A in sufficient quantity to determine the kinetic constants enabling a further investigation into the role of Glu 384 in catalysis.
E384A had a catalytic efficiency that was less than 1 % of that of the wild-type enzyme (Table 1) , consistent with the previous proposal that Glu 384 is essential for catalysis.
The K m value for ATP of E384A was increased less than 3-fold relative to that of wildtype ( Table 1 ). The K m value for acetate could not be determined for E384A due to nonsaturation kinetics with respect to acetate ( Table 1 ).
The K m values for ADP and acetylphosphate did not increase relative to wild-type for the D148A and E384A variants, whereas the catalytic efficiencies were less than 1 % of the wild-type (data not shown). (Table 1) . Variants S10A, S12A, and K14A also displayed either high K m values
for acetate compared to that of wild-type or non-saturation kinetics with respect to acetate (Table 1 ). Conservative replacement of Ser 10 or Ser 12 with threonine resulted in variants with higher catalytic efficiencies than those of S10A or S12A indicating that the functio nal groups of Ser 10 and Ser 12 are important for catalysis (Table 1 ). In addition, variants S10T and S12T had K m values for acetate that were elevated compared to that of wild-type (Table 1) . Compared to the K14A variant, K14R had a greater catalytic efficiency and a return to saturation kinetics with respect to acetate. These results are consistent with a role for the positive charge of Lys 14 in catalysis (Table 1) . Variant S11A had a K m value for ATP and catalytic efficiencies that were not far removed from those of wild-type. The K m value for acetate of variant S11A increased only 3-fold compared to that of wild-type. Replacement of Ser 11 with a bulky threonine residue resulted in a lower catalytic efficiency and an elevated K m value for acetate (Table 1) compared to those of S11A, suggesting a size limitation for position 11. The functional group of residue Asn 211 also appears to be unimportant for catalysis as evidenced by the wild-type catalytic efficiencies of variant N211A ( Table 1 ).
The K m values for ADP and acetylphosphate did not increase relative to wild-type for N7A, S10A, S11A, S12A, N211A, or K14A; however, the catalytic efficiencies for by on February 6, 2008 www.jbc.org Downloaded from each variant were less than 2 % of the wild-type, except for S11A and N211A which had values that were at least 21 % of the wild-type (data not shown).
Divalent cation requirements for the wild-type and variant enzymes.
Several of the conserved motifs in other sugar kinase/Hsc70/actin superfamily members have been implicated in metal binding. Consequently, the magnesium concentration required for half-maximal activity was determined for the alanine variants (Table 2 ) to implicate residues involved in metal coordination. All of the alanine variants except N211A and S11A showed an increase in the magnesium concentration required for half-maximal activity relative to that of wild-type, particularly N7A, S12A, K14A, and E384A
suggesting that these residues contribute to the coordination of magnesium (Table 2 ).
Most significantly, Glu 384 appears to be important for metal coordination as evidenced by the 30-fold increase in the magnesium concentration required for half-maximal activity of the E384A variant relative to that of wild-type.
Also consistent with roles for Glu 384 and Asn 7 in magnesium coordination was the change in the preferred cation of the E384A and N7A variants relative to that of wildtype (Table 3) . Alteration of the divalent cation preference of an enzyme by replacement of a metal binding residue has been used to implicate residues in metal binding (26, 27) .
The specific activity of variant E384A was increased by 120 % in the presence of manganese versus magnesium, whereas the specific activity of wild-type was not significantly altered (Table 3) . Variants N7A, S12A, and D148A also displayed increases in specific activity with manganese versus magnesium (56, 83, and 58 % respectively) ( acetylphosphate did not increase for N7A, S10A, S12A, or K14A relative to wild-type, a result consistent with a role for these residues in catalysis and not substrate binding.
Dramatic effects on the K m value for the co-substrate due to site-directed replacement of phosphate-1 loop residues have not been found for hexokinase or glycerol kinase from the sugar kinase/Hsc70/actin superfamily (15, 16, 18) . Glucose binding is proposed to be both necessary and sufficient for domain closure in hexokinase whereas ATP binding is neither (14) . Residue Asp 148 in the connect-1 motif was found to be essential for acetate kinase activity, a result consistent with kinases of the sugar kinase/Hsc70/actin superfamily where the carboxyl group of the equivalent aspartate is proposed to function in base catalysis or metal binding (18, 28, 34, 35) . For example, essential residue Asp 205 in hepatic glucokinase has been proposed to deprotonate the glucose 6-hydroxyl group thus facilitating nucleophilic attack of this group on the γ-phosphate of ATP (35) . In acetate kinase, Asp 148 may serve to activate acetate by abstraction of the carboxyl proton; however, based on the intrinsic pK a of acetic acid (4.7), it is not obvious why this would be necessary. One possible scenario is that the microenvironment of the bound by on February 6, 2008 www.jbc.org Downloaded from acetate significantly increases the pK a of the carboxyl group ne cessitating deprotonation.
It seems more likely that Asp 148 in acetate kinase has an alternative role in catalysis.
The results reported here are consistent with the involvement of Glu 384, and to a lesser extent Asn 7, in chelating the divalent metal of the metal-nucleotide complex. The results are consistent with data from several superfamily members that implicate the residues analogous to Asn 7 in metal binding (16, 36) . The elevated magnesium concentration required for half-maximal activity of S10A, K14A, and especially S12A
relative to that of wild-type may be due to the fact that the nucleotide polyphosphate is acetate kinase (25) , the role of magnesium during catalysis has not been investigated.
Blättler and Knowles proposed a direct in-line phosphoryl transfer mechanism for E. coli acetate kinase based on the net inversion of configuration of the transferred phosphate (3). In the proposed associative-type mechanism, the structure of the transition state is trigonal bipyramidal with three negatively charged equatorial oxygens. Three electrondeficient residues (positive charges or hydrogen-bond donors) are necessary to stabilize this transition state (3). Active site arginine residues, R91 and R241, have been shown to be essential for activity and are proposed to be two of these stabilization sites (9) . If a direct in-line mechanism is operable, the third stabilization site may be the magnesium ion of the metal-nucleotide complex. 
